
  sleetS ecnamrofreP hgiH ni gniyollA bN dna oM  fo snoitacilppA dna slatnemadnuF – 2 emuloV  
       rehcabrhoM ydraH yb detidE  

       5102 ,SMT dna AOMI ,MMBC  

C FO STCEFFE O ALSH NI MUNEDBYLOM DNA MUIBOIN GNINIBM  
LANIF OT GNINOITIDNOC ETINETSUA MORF :SLEETS  

TCURTSORCIM RU  E  

.N I  ,itsas B  .  ,adereP B  ,zepóL . J .M.  zeugirdoR -I P dna ebab  . rU a agn

EC I tisrevinU( NUNCET dna T y aitsonoD ,)arravaN fo - uoC euqsaB ,naitsabeS naS niapS ,yrtn  

eK y ,noitacifitnauQ DSBE ,snoitamrofsnarT esahP ,gninoitidnoC etinetsuA :sdrow  
porP lacinahceM ,erutcurtsorciM e  seitr  

tsbA ract 

eerhT  niam  scipot  era  derevoc  ni  t sih  repap  ager r gnid  bN - oM  snoitcaretni  ni  llaorcim o dey  ts e .sle  
,tsriF  eht  syn igre cits  roivaheb  fo  bN  dna  oM  in ahne n gnic  etulos  gard  fe f stce  dna  idom f iy ng 

cer r noitazillatsy  dna  pr noitatipice  scitenik  ni  etinetsua  rednu  toh  gnikrow  snoitidnoc  si  ana lyz .de  
,nehT  eht  ffe e tc  fo  id f tneref  llaorcim o iy ng add snoiti  no  eht  lanif  hp a es  rofsnart m snoita  si  
nimaxe e .d  nI  noitidda  ot  noitisopmoc  dna  etinetsua  gninoitidnoc  ceffe ts no  eht  sesahp  demrof  

idnopserroc eht dna n gaid TCC g r ,sma  a evitatitnauq  uts dy isu ng na  E DSB  euqinhcet  si  ircsed b de  
hcihw  saw  demrofrep  in redro  ot  erusaem  tinu  is ze tubirtsid snoi  dna  egomoh n ie ty fo   xelpmoc

im c rtsor cu rut e .s  ,yllaniF  eht  noitubirtnoc  fo  tnereffid  gninehtgnerts  smsinahcem  ot  dleiy  erts n tg h 
nilioc tnereffid rof detaulave si g snoitisopmoc dna serutarepmet  .  

tnI r udo c noit  

dawoN a ,sy  noitanibmoc s fo  hgih  erts n htg  a dn  hi hg  ssenhguot  era  r eriuqe d rof  snoitacilppa  hcus  
sa  sag  na d lio  ropsnart t noita  ,sepip  erohsffo  seitilicaf  dna  lavan  te hc n eigolo s [ 2,1 ]. tiuS a elb  

snoitanibmoc  fo  aorcim l iyol ng snoitidda  irtnoc b etu  ot  na  rcni e esa  ni  ts re htgn  id r tce ly orht u hg  
utcurtsorcim lar  ,tnemenifer  dilos  noitulos  gninehtgnerts  dna  pr noitatipice  inedrah n ,g  sa  llew  as 

tceridni l ,y  hguorht  ecnahne d ilibanedrah ty and etaicossa d tacifidom i no  fo  ht e natluser t 
erutcurtsorcim  [ .]3  ,sselehtreveN  ssenhguot  yam  be deriapmi  d dnepe i gn  no  the les e detc  

nissecorp g getarts y wollof e stnemeriuqer htgnerts eht eveihca ot d  .  

nI  siht  etnoc x ,t  oM  noitidda  si  a nommoc  ecitcarp  ot  aercni se erts n htg  and ssenhguot  ni  wol   C
sleets  esuaceb  fo  sti  tceffe  ni  itomorp ng wol  t utarepme re nart s tamrof i no  stcudorp  a retf  toh  
gnillor  [4]. nO  eht  rehto  ,dnah  eht  esu  fo  bN  is llew  nwonk  uaceb se of sti  iliba ty ot  ter a  dr

cer r htob noitazillatsy  by etulos  gard  dna  by niarts  decudni  ,noitatipicerp  wh hci  dael  s ot  ap n kac ed 
etinetsua  ,dna  retfa  ,noitamrofsnart  sedivorp  enif  moor  et erutarepm  serutcurtsorcim  htiw  

rp lacinahcem devorpmi o 5[ seitrep ]. 

1



Obviously, this simplified approach needs to be modulated depending on the specific 

compositions of each steel grade and thermomechanical route because interactions between 

microalloying elements become complex and multiple effects are interacting at the same time. 

This paper seeks to analyze the different interactions during austenite conditioning and phase 

transformations. Resulting from the two previous steps, the mechanical strength will be modified 

and the balance of the different strengthening contributions will depend on the Nb and Mo 

effects on grain size refinement, dislocation substructure, second phase formation and 

precipitation.  

 

Materials and Experimental 

 

In the present study seven steels were studied, with two Nb levels (0.03 and 0.06%) and three 

Mo levels (0, 0.16 and 0.31%). A CMn steel was also used for comparison purposes only. All the 

steels were experimental heats and their chemical compositions are listed in Table I.  

 

Table I. Chemical Compositions of the Steels (wt.%) 

Steel C Mn Si Nb Mo Al N 

CMn 0.05 1.58 0.05 - 0.01 0.03 0.005 

3NbMo0 0.05 1.6 0.06 0.029 0.01 0.028 0.005 

3NbMo16 0.05 1.58 0.04 0.028 0.16 0.027 0.005 

3NbMo31 0.05 1.57 0.05 0.028 0.31 0.028 0.005 

6NbMo0 0.05 1.56 0.05 0.06 0.01 0.028 0.004 

6NbMo16 0.05 1.6 0.05 0.061 0.16 0.03 0.005 

6NbMo31 0.05 1.57 0.05 0.059 0.31 0.031 0.005 

 

For the austenite conditioning, softening and strain induced precipitation kinetics determination, 

torsion samples with a gauge length of 17 mm and a diameter of 7.5 mm were machined from 

40 mm thickness plates. The torsion tests were carried out using a computer controlled torsion 

machine. After reheating, the samples were deformed using pass strains ranging from 0.2 to 0.4 

and different interpass times. The non-recrystallization temperature was determined by using the 

standard method proposed by Bai et al. [6]. 

 

For the phase transformation analysis, dilatometry tests were performed in a Bähr DIL805A/D 

quenching and deformation dilatometer. Solid cylinders with a diameter of 5 mm and a length of 

10 mm were employed. The steels were subjected to different thermomechanical schedules in 

order to obtain different austenite conditions: undeformed, Cycle A, and deformed, Cycles B and 

C, respectively. A more detailed description of the procedure followed may be found in 

Reference 7. For the mechanical property evaluation, plane strain compression tests were 

performed. After deformation, the samples were cooled down at approximately 10 ºC/s to 

different coiling temperatures from 450 ºC to 650 ºC, so as to evaluate the effect of the coiling 

temperature on the phase transformation. Coiling was simulated by holding for 1 hour followed 

by slow cooling in the furnace to room temperature (≈1 ºC/s). The schemes of the different 

schedules are illustrated in Figures 1 and 2.  
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Figure 1. Schematic thermomechanical schedules applied for phase transformation analysis in 

dilatometry tests. 

 

 

Figure 2. Schematic thermomechanical schedules for plane strain compression tests with 

different coiling temperatures (450, 550 and 650 ºC). 

 

The microstructures obtained from the samples were characterized, after etching in 2% Nital, by 

different characterization techniques: Optical Microscopy, Scanning Electron Microscopy (SEM) 

and Field Emission Gun Scanning Electron Microscopy (FEGSEM). In addition to the optical 

and scanning electron microscopy analysis, a more detailed microstructural characterization was 

performed on selected specimens using the EBSD technique (Electron Back Scattered 

Diffraction). On these samples the ferrite unit sizes and the Kernel Average Misorientation 

(KAM) parameter were measured. Scan step sizes ranging from 0.2 μm, for high resolution 

scans, to 1 μm, for general microstructural characterization, were used. Tensile specimens were 

machined from the plane strain compression samples. Tensile specimens with a diameter of 
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4 mm and an initial length of 17 mm were tested. The tensile tests were performed at room 

temperature at a strain rate of 10
-3

 s
-1

.  

 

Austenite Conditioning 

 

The strain accumulation within recrystallized austenite prior to transformation is one of the key 

factors in order to achieve a fine and homogeneous final microstructure. Nb and Mo, by means 

of solute drag and strain induced precipitation mechanisms, are the most efficient elements to 

retain strain during the final deformation passes. Therefore, a deep understanding of the 

softening mechanism and strain induced precipitation kinetics is needed. The semi-empirical 

equations to model these mechanisms have been evolving to adapt them to new grades and new 

technologies, such as the direct rolling of thin slabs. In this regard, the kinetics of static 

recrystallization of microalloyed steels, covering a wide austenite size range, were investigated 

in previous works [8]. Taking into account the effect of microalloying elements in solution, the 

deformation parameters ( strain,  ̇ strain rate and T absolute temperature) and the initial 

austenite grain size (Do), the following equation was deduced for low carbon microalloyed steels: 
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where t0.5 is the time required for 50% recrystallization and [Nb]eff is the amount of Nb in 

solution. 

 

Softening Kinetics for Nb-Mo Steels 

 

The extension of Equation 1 to Nb-Mo steels required the evaluation of the Mo solute drag 

effect. Akben et al. [9], defined a Solute Retardation Parameter (SRP) for static recrystallization 

describing the retardation produced by additions of 0.1 wt.% of the different microalloyed 

elements. For Nb in Nb-Mo steels this parameter reached a value of SRP = 265, 1.19 times 

higher than the value obtained for Nb steels, SRP = 222. On the other hand, the value associated 

with Mo in Nb-Mo steels, SRP = 20 was 0.09 times lower than the SRP corresponding to Nb. 

Using this relationship, one can amend the definition of [Nb]eff such as to obtain the same drag 

effect as that produced by Nb in Nb-Mo steels; a 1.19xNb factor must be considered, and 

0.09xMo (eg. to obtain the same drag effect as that produced by 1 wt.% Mo, an amount of 

0.09 wt.% of Nb would be sufficient). These values are in good agreement with the experimental 

data obtained in this work for the lowest Nb content steels (0.03%Nb), whereas, in the case of 

6NbMo16 and 6NbMo31 steels, these values tend to overestimate the experimental data. In this 

case, a value of 0.032 was obtained, which is three times lower than the value proposed for 

0.03%Nb steels. This suggests a weaker effect of Mo in the presence of high Nb additions. 

Therefore, the resulting values for [Nb]eff in Equation 1 are:  

 

   NbNb eff   for Nb microalloyed steels; 

     MoNbNb eff 09.019.1   for 0.03%Nb-Mo microalloyed steels; 

     MoNbNb eff 032.019.1   for 0.06%Nb-Mo microalloyed steels. 
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The effect of Nb and Mo on the austenite evolution during multipass deformation can be 

complex and it depends both on the Nb and Mo contents and also on the deformation parameters. 

The softening and hardening mechanisms, including solute drag and strain-induced precipitation 

and the interactions between them, which can be different depending on the situation, are time 

and money consuming to evaluate only with experimental data. In this situation, the application 

of models coupling all the aforementioned factors can be a helpful tool in order to understand the 

interaction between softening and hardening mechanisms. In previous work, models describing 

the austenite microstructural evolution of Nb microalloyed steels during hot working were 

detailed [10,11]. These models were implemented with expressions adjusted for Nb-Mo, such as 

Equation 1. Combining multipass torsion tests and the model, some conclusions regarding strain 

accumulation before transformation can be drawn. 

 

Non-recrystallization Temperature 

 

Figure 3 shows, as an example, the mean flow stress curves obtained for four of the steels 

analyzed tested at ε = 0.4 and interpass time tip = 30 s. As can be observed, the increase in Nb 

content and the addition of Mo lead to higher Tnr values. For these specific conditions, the 

addition of 0.31%Mo increases the Tnr temperature from 970 to 1010 ºC in the case of 0.03%Nb 

and from 1030 to 1045 ºC for 0.06%Nb. This indicates a smaller influence of Mo for the higher 

Nb content in good agreement with the above mentioned weaker drag effect on recrystallization 

kinetics. 

 

 

Figure 3. Mean flow stress against the inverse absolute temperature for steels 

3NbMo0, 3NbMo31, 6NbMo0 and 6NbMo31. 
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Figure 5. Experimental values and model predictions of fractional softening obtained with steels 

3Nb and 3NbMo31 for ε = 0.4 and; (a) tip = 10 s and (b) tip = 30 s. 
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These results suggest that the differences reported in Figure 4, between the steels 3Nb and 

3NbMo31 in the tip = 10 s and 30 s range of interpass times, were related to the additional solute 

drag effect of Mo. For tip = 5 s, the solute drag of Nb or Nb and Mo were the only retardation 

mechanisms active in both steels; however, for longer times strain induced precipitation interacts 

with recrystallization, and this was the mechanism responsible for the Tnr in the 3Nb steel 

(Figure 5). 

 

In contrast, for the 3NbMo31 steel and in all the conditions tested, the non-recrystallization 

temperature was reached by a reduction in fractional softening due exclusively to solute drag; 

Nb(C,N) precipitation always occurred at temperatures well below the Tnr. This could also 

explain the decreasing trend observed in the Tnr values in Figure 4 for both 3NbMo16 and 

3NbMo31 steels as the interpass time increases.  

 

Phase Transformation 

 

A complete characterization of phase transformations for the steels listed in Table I has been 

recently published [7]. Depending on the composition, the austenite conditioning and the cooling 

rate, a whole range of different microstructures are formed. When analyzing these complex 

microstructures, various classifications have been proposed to name them. In the present paper 

the ISIJ Bainite Committee notation is adopted, as the phases observed fit the proposed ones 

well. The phases are identified as Polygonal Ferrite (PF), Lamellar Pearlite (P), Degenerate 

Pearlite (DP), Quasipolygonal Ferrite (QF), Granular Ferrite (GF), Bainitic Ferrite (BF) and 

Martensite (M). Martensite–Austenite (M/A) constituents were also detected as secondary phases 

within QF and GF main phases. Figure 6 shows an example of the CCT diagrams obtained with 

the dilatometer and some characteristic microstructures for selected cooling rates for the 

6NbMo31 steel. A combination of PF and DP was obtained for a slow cooling rate of 0.1 ºC/s, a 

mixture of QF and GF for the intermediate cooling rate of 5 ºC/s and, finally, M and BF were 

formed for the fastest cooling rate of 100 ºC/s. 
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Figure 6. Examples of; (a) CCT diagram for steel 6NbMo31 transformed from deformed 

austenite (Cycle B) and several characteristic microstructures, (b) 0.1 ºC/s: PF+DP,  

(c) 5 ºC/s: QF+GF and (d) 100 ºC/s: M+BF. 
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Effect of Nb and Mo Additions 

 

Figures 7 and 8, respectively, show the influence of Nb and Mo additions for phase 

transformations occurring from undeformed austenite (Cycle A). In Figure 7, the effect of Nb 

addition retarding PF formation is evident when the CMn and 3NbMo0 curves are compared. 

The Nb reduces the ferritic transformation field, as well as shifting the CCT diagram to lower 

bainitic transformation start temperatures (10-90 ºC) for the highest cooling rates. The effect of 

the increment of Nb from 0.03 to 0.06% on the transformation kinetics is negligible for the Nb 

steels transforming from undeformed austenite. Transformation start and finish temperatures 

remain similar both for ferritic and bainitic phases. This small effect of Nb in solution was also 

reported by Rees et al. [12]. In this case, it can be inferred that the retarding effect of a higher Nb 

level is counterbalanced by the smaller prior austenite grain size in steel 6NbMo0 [7].  

 

The addition of Mo causes a decrease in the transformation start temperature when the 6NbMo0 

and 6NbMo31 steels are compared (Figure 8), especially in the non-polygonal phase region (QF 

start temperature shifts down 0-40 ºC). For the steels containing a lower amount of Nb 

(Steels 3NbMo0 and 3NbMo31) a similar trend is observed. In this case, the PF start 

temperatures are decreased by 10-70 ºC and the QF start temperatures by 30-70 ºC. Therefore, 

the hardenability effect of Mo is confirmed for these compositions. 

 

Figure 7. Effect of Nb on CCT diagrams obtained for Cycle A (undeformed austenite) - Steels 

CMn, 3NbMo0 and 6NbMo0. 
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Figure 8. Effect of Mo on CCT diagrams obtained for Cycle A (undeformed austenite) - Steels 

6NbMo0 and 6NbMo31. 

 

Effect of the Amount of Deformation Retained in Austenite 

 

The analysis of the effect of deformation on the CCT diagrams has been illustrated by comparing 

three diagrams for steel 6NbMo31 in Figure 9. Cycle A refers to transformation from 

undeformed austenite, Cycle B from austenite deformed to a strain of = 0.4 and Cycle C to a 

strain of 0.8 (see Figure 1). The deformation of the prior austenite promotes a slight acceleration 

of the transformations, this effect being more marked for the non-polygonal transformation start 

temperatures. The shift of the PF transformation field is important for Cycle C and the increment 

in the transformation start temperature as a result of accumulation of deformation in austenite is 

consistent with previously published data [13-15]. 

 

However, a limited effect of deformed austenite in low Nb steels was reported by Militzer et al. 

[16]. Similarly to what is observed in the present study, Lis et al. 17 and Olasolo et al. [18] 

observed that bainitic transformation was also accelerated in deformed austenite in the range of 

high cooling rates in 0.06%Nb microalloyed steels. These authors suggested that a higher 

dislocation density in the deformed austenite leads to a faster nucleation of the bainite laths. 
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Figure 9. Comparison between the CCT diagrams obtained for steel 6NbMo31 in three austenite 

conditions (Cycle A: undeformed austenite, Cycle B: deformed austenite (ε = 0.4) and Cycle C: 

deformed austenite (ε = 0.8)). 

 

Microstructural Unit Sizes and Homogeneity 

 

CCT diagrams do not provide information regarding microstructural feature sizes. Therefore, a 

more detailed microstructural characterization is needed in order to evaluate the impact of 

composition on the mean unit sizes and homogeneity. Optical microscopy is suitable for ferritic 

microstructure characterization, however, when non-polygonal structures are measured, an 

EBSD analysis provides a more powerful tool to quantify them [19,20]. In order to quantify 

microstructure effect on strength and toughness, crystallographic unit sizes delimited by 4º and 

15º misorientation low and high-angle boundaries were measured using the EBSD technique. 

Figure 10 exhibits the mean grain size as a function of the cooling rate for both misorientation 

criteria, for schedules B (ε=0.4) and C (ε=0.8) and different compositions. Figure 10(a) shows 

the influence of the cooling rate on the mean unit size taking the criterion of low angle 

misorientation of 4º into consideration for steels 6NbMo0 and 6NbMo31 and both schedules 

(Cycle B and Cycle C). As a general trend, the mean unit size decreases as the cooling rate 

increases. The refinement of the microstructure due to the cooling rate increasing is more 

noticeable in the ferritic range. On the other hand, a higher degree of deformation promotes a 

slight refinement at low cooling rates. This difference is more important if average values from 
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Cycle A are compared with those from Cycle B [7]. Finally, it was also observed that the 

addition of Mo leads to a slight refinement of the final microstructure. 

 

 
 

 

Figure 10. (a) Influence of cooling rate on the average unit size for steels 6NbMo0 and 

6NbMo31 from both schedules, Cycle B (ε = 0.4) and Cycle C (ε = 0.8), using 4º threshold 

misorientation criterion and (b) using 15º threshold misorientation criterion. 
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When the 15º misorientation is used to define the unit size (see Figure 10(b)), unit sizes larger 

than for the 4º criterion are quantified in all conditions. Moreover, the mean grain size evolution 

as a function of the cooling rate is similar to the previously analyzed one with the 4º 

misorientation criterion. Even though there is not a significant influence of the accumulation of 

deformation for both compositions when the 4º criterion is used, the effect of a higher strain 

accumulation was more prominent when the high angle misorientation (15º) criterion is 

considered, especially in the bainitic range and for the Mo steel.  

 

In order to evaluate the homogeneity of the resulting microstructure, the Dc20%/Dmean(15º) ratio 

as a function of the cooling rate has been plotted in Figure 11 for steels 6NbMo0 and 6NbMo31 

and both schedules B and C. The Dc20% value refers to the cut-off grain size at 80% 

accumulated area fraction. Several trends can be observed on the Dc20%/Dmean(15º) ratio 

depending on the schedule and composition. For Cycle B, ferritic structures show the lowest 

values for the ratio and as QF and GF structures become dominant the ratio increases. This 

transition is reflected in a two-step regime and the ratio increases from approximately 2 to 7 for 

both steels. The behavior for Cycle C differs from that of Cycle B. In the 6NbMo0 steel, more 

homogeneous structures are observed when higher deformation is applied for the whole cooling 

rate range analyzed. However, for the highest cooling rates, the presence of BF promotes 

stronger heterogeneity in the 6NbMo31 steel and a later refinement when M is formed. This 

refinement was also observed for coarse austenite grain sizes [21]. Variant selection and 

nucleation inside grains is reported to be the most efficient way to reduce martensite/bainite 

block sizes and, consequently, to enhance homogeneity [22]. 

 

 

Figure 11. Evolution of Dc20%/Dmean(15º) ratio as a function of the cooling rate for steels 

6NbMo0 and 6NbMo31 for both Cycles B (ε = 0.4) and C (ε = 0.8). 
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Figure 12. FEG-SEM micrographs of the steel 6NbMo0 and steel 6NbMo31 at different coiling 

temperatures; (a) and (d) 650 ºC, (b) and (e) 550 ºC and (c) and (f) 450 ºC. 
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Figures 13(a) and (b) exhibit tensile curves obtained for steel 3NbMo0 and steel 3NbMo31 at 

selected coiling temperatures (650, 550 and 450 ºC). The addition of Mo led to higher yield and 

tensile strengths, as well as lower elongation in all cases. Furthermore, for both compositions, 

higher yield and tensile strengths were obtained by decreasing the coiling temperature, with the 

exception of steel 3NbMo31 where the maximum strength is reached at the intermediate coiling 

temperature of 550 ºC. 

 

 

 

Figure 13. Engineering tensile curves obtained at different coiling temperatures 

(650, 550 and 450 ºC) for; (a) steel 3NbMo0 and (b) steel 3NbMo31. 

 

(a) 
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where α is a constant, M the average Taylor factor, μ is the shear modulus and b is the Burger’s 

vector (α=0.3, M=3, μ=8x10
4
 MPa and b=2.5 10

-7 
mm). iθ  and if , are the mean misorientation 

angle in the interval i and the relative frequency, respectively. d2º is the mean grain size 

considering a 2º criterion. These parameters are determined by EBSD.  

 

In order to evaluate the interaction between the microstructural refinement and the contribution 

related to low angle boundary unit size, yield strength values are plotted in Figure 14 as a 

function of the mean unit size considering the low angle misorientation criteria of 2º. Two 

different trends are observed depending on whether the steel is microalloyed only with Nb or 

with both Nb and Mo. For Nb steels, there is not a clear dependence of yield strength on low 

angle boundary size. Nevertheless, for the Nb-Mo steels, where a very fine substructure is 

formed, with unit sizes ranging from 3 to 4 microns, a sharp increase in yield strength is 

measured as the unit size decreases. 

 

 

Figure 14. Yield strength as a function of 2º grain size for steels 

3NbMo0, 3NbMo31, 6NbMo0 and 6NbMo31. 

 

Strengthening Contribution due to Dislocations. In addition to solid solution and grain size 

contributions, the term related to dislocation density has to be considered. The contribution of the 

dislocation density can be expressed by Equation 5 [27]. 

 

ραMμbρσ                                                        (5) 

 

where α is a numerical factor, M is the Taylor factor, µ is the shear modulus, b is the Burger’s 

vector and ρ is the dislocation density. A value of αM = 0.38 has been established for body-

centered cubic metals [28]. 
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Strengthening due to dislocation density has been evaluated by other authors [26,27], through the 

analysis of the local misorientation gradients within a given region by means of the calculation 

of the Kernel Average Misorientation (KAM) parameter. In order to estimate dislocation density 

values from KAM data, Kubin and Mortensen’s [29] approach was adopted: 

 

ub

2
ρ


                                                                     (6) 

 

where u is the unit length and b is the Burger’s vector. The local misorientation value is achieved 

directly from EBSD data and is related to the kernel average misorientation value ( ). Kernel 

average misorientation for θ < 2º and second neighbor criterion have been considered in order to 

evaluate the contribution of dislocation strengthening [27].  

 

In Figure 15, calculated dislocation density values for the steels 3NbMo0, 3NbMo31, 6NbMo0 

and 6NbMo31 are plotted as a function of coiling temperature. Dislocation density values vary 

from 3.42·10
14 

to 5.92·10
14

 m
-2

, depending on the composition and applied coiling temperature. 

Even though in Nb steels the dislocation density remains nearly constant for all the range of 

coiling temperatures (ρ varies from 3.43·10
14 

to 3.87·10
14

 m
-2

), when Mo is added a different 

trend is observed. Furthermore, the decreasing of coiling temperature (from 650 to 450 ºC) and 

consequently, the modification of the resultant microstructure from polygonal ferrite to a mixture 

of QF and GF, leads to a significant increment of dislocation density. For example, in steel 

3NbMo31, ρ increases from 3.42·10
14 

to 5.92·10
14 

m
-2

, when decreasing the coiling temperature 

from 650 to 450 ºC. 

 

 

Figure 15. Dislocation density as a function of coiling temperature for all the steels studied 

(3NbMo0, 3NbMo31, 6NbMo0 and 6NbMo31). 
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Evaluation of Strengthening Contributions 

 

Taking into account all the individual strengthening contributions estimated according to the 

methodology described above, yield strength values were calculated for each composition and 

coiling temperature. These values are summarized in Table III and compared with the measured 

ones. Within the limitations of the method a satisfactory result is obtained in most cases. The 

biggest differences between calculated and measured values are achieved at the coiling 

temperature of 450 ºC. The precipitation strengthening contribution is expected to be 

underestimated in these cases. However, it can be concluded that the proposed strategy is useful 

for the interpretation of each particular contribution to the overall yield strength. 

 

Table III. Comparison Between Experimental and Calculated Yield Strengths  

 YIELD STRENGTH (MPa) 

Tcoiling (ºC) 
3NbMo0 3NbMo31 6NbMo0 6NbMo31 

σy_calc σy_exp σy_ calc σy_exp σy_ calc σy_exp σy_ calc σy_exp 

650 ºC 341 388 374 393 349 407 392 426 

550 ºC 387 401 429 457 415 410 475 435 

450 ºC 373 414 412 460 414 408 422 473 

 

The estimated individual strengthening contributions, considering Equation 2, are plotted in 

Figure 16. It is clearly evident that the grain size strengthening is the most relevant contribution, 

with relative percentages between 51% and 69%, depending on the composition and coiling 

temperature. The highest influence of the grain size refinement was obtained for steel 6NbMo31 

at the lowest coiling temperature of 450 ºC. Regarding dislocation strengthening, higher strength 

values are obtained for lower coiling temperatures, especially in Nb-Mo steels, due to a major 

fraction of non-polygonal microstructures at low coiling temperatures. For example, in the steel 

3NbMo31, the strengthening caused by dislocations increased from 13% to 19% by reducing the 

coiling temperature from 650 ºC to 450 ºC. Finally, Figure 16 exhibits a negligible effect of 

precipitation in steel 3NbMo0 (contribution from 3% to 7%). However, the influence of a fine 

precipitation is higher in the steels containing the higher level of Nb, due to a higher amount of 

solute Nb available for precipitation during transformation. In addition, Figure 16 shows that the 

highest contribution of precipitation was achieved at the intermediate coiling temperature 

(550 ºC) in the steel 6NbMo31. 
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Figure 16. Strengthening contributions for steel 3NbMo0, 3NbMo31, 6NbMo0 and 

6NbMo31.  

 

Conclusions 

 

Regarding austenite conditioning, Mo addition to Nb microalloyed steels results in a retardation 

of recrystallization kinetics due to the solute drag effect. However, this effect is weaker in the 

0.06%Nb steels compared to the 0.03%Nb steels. A previous equation available for predicting 

the 50% recrystallization time, t0.5, for Nb and Nb-Ti steels was extended to Nb-Mo steels, 

assuming an effective Nb level which captures the different solute drag contribution of Mo at the 

different Nb levels. The Nb and Mo solute drag effect seems to govern the non-recrystallization 

temperature, Tnr, in the Mo-Nb steels. Nevertheless, the addition of Mo to Nb microalloyed steels 

has other effects on the Tnr value, depending on the Nb content. In the range of medium Nb 

contents (0.03%Nb), the additional solute drag effect produced by Mo allows the Tnr values to be 

higher in the Nb-Mo than in the Nb steels. However, increasing the Nb content to values as high 

as 0.06%Nb, the acceleration of strain induced precipitation makes the contribution of Mo to 

solute drag, less relevant. 
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In terms of phase transformations, the addition of Mo to Nb steels ensures a higher retention of 

accumulated deformation before transformation. For low and intermediate cooling rates, the 

retained deformation favors the formation of polygonal phases, decreases the unit size of the 

phases formed and therefore, reduces the risk of the presence of heterogeneous structures.  

 

An increase in the amount of accumulated strain provides an improvement in microstructural 

homogeneity; this improvement being more important for ferritic structures. Therefore, an 

optimized combination of chemical composition, thermomechanical schedule and cooling 

strategy in Nb-Mo microalloyed steels is needed in order to maximize the amount of applied 

strain below the non-recrystallization temperature, and consequently promote finer and more 

homogeneous structures. 

 

Different strengthening mechanisms contribute to the high strength of microalloyed steel. The 

quantification of each strengthening contribution has shown that grain refinement plays a major 

role for the present steels, accounting for up to 60-70% of the yield strength. The addition of Mo 

to Nb microalloyed steels promotes the formation of a low angle misorientation substructure 

which enhances the strengthening effect arising from grain size reduction. The combination of 

Nb and Mo reduces the precipitate size and therefore, increases the strengthening contribution of 

fine carbides precipitated at low temperatures. 
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